SUMMARY Brain uptake of radiolabeled D and L-lactate, D-glucose and nicotine, as measured by the intra-carotid bolus method, was examined over a range of pH of the injected solution. The uptake of L-lactate was highest at pH 6.1, and lowered significantly at pH 7.2, 7.5 and 8.4. In contrast, the uptake of the D-enantiomer was not as dramatically affected. Glucose uptake was not affected by alterations in pH. Nicotine uptake decreased with pH reduction through a range of 8.3-4.2. These data suggest that it is the uncharged molecule which penetrates the blood-brain barrier by both carrier and lipid mediation. A mechanism relating to these observations is postulated and possible relevance to lactate washout from ischemic brain discussed.
1
' *• 6 The brain normally exhibits a net efflux of lactate, the jugular lactate concentration being greater than the arterial. Because of its very active glycolytic mechanism, the brain also produces considerable amounts of lactate when ischemic. Brain pH is reduced in ischemic foci and definition of any alteration in the rate of lactate efflux or influx in such pathological states would be of clinical relevance. In the present study, we have examined BBB transport of L and D lactates through a range of pH values. Nicotine was similarly studied. Since nicotine is a base and penetrates the BBB freely at physiological pH, 6 it was thought to be of value to examine the effect of increased ionization at lower pH on its BBB penetration in the same experimental arrangement as that used for D and L-lactate. Additionally, D-glucose was similarly studied as a representative neutral substance. To establish whether the 3 H-water reference changes with injected pH, 2 groups of animals were studied at high and low pH using 3 H-water as the test substance and u C-butanol as the reference. Radiolabeled butanol has been shown to be completely cleared through a wide range of brain blood flows. 7 
Methods
The intracarotid single bolus injection technique has been employed in a variety of studies of the BBB. 2 -""" Adult Wistar rats (200-350 g) of either sex were used throughout this study. The right common carotid artery was surgically isolated after intraperitoneal sodium pentobarbital anesthesia. A small volume (0.2 ml) of the mixture of buffer and radiolabeled compounds ( 3 H-water, 14 C-test substance and 113m-Indium-EDTA, in the proportions listed below) were injected as an abrupt bolus into the carotid artery and 5 sec later the animal was decapitated. Because the bolus volume is much greater than the volume of the regional arterial lumen, the fluid injected displaces the regional arterial blood and the bolus passes through the brain microcirculation with approximately the same composition as when injected. In the present study the major variable is the pH of the injectate. The pH of the injectate was adjusted to a desired value and an attempt made to maintain it through microcirculatory passage by including a substantial concentration of an appropriate buffer having a pK at or near the injected pH.
The ipsilateral hemisphere was dissected from the cranium and extruded through a 20 gauge needle into two liquid scintillation vials each containing 1.5 ml of an organic base (Soluene, Packard Instrument Co., Downers Grove, IL). The tissue was dissolved and routinely prepared for liquid scintillation counting of the 3 isotopes and the brain uptake index (BUI) for each experimental state determined as described previously. 10 Appropriate time corrections were made to correct for the decay of 113m-Indium (physical Tl/2 = 100 min) which occurred between the times the individual sample vials were counted.
The 113m-Indium generator used was obtained from New England Nuclear (NEN) (Radiopharmaceuticals Division, North Billerica, MA). To each ml of 113m-Indium eluted, 10 fil of sterile disodium edetate (150 mg/ml) solution (Endrate, Abbott Laboratories, North Chicago, IL) was added and the Indium-EDTA adjusted to a pH of approximately 7.4 with 7.5% sodium bicarbonate solution. Other radiochemicals used were purchased from NEN (Boston, MA 02118) and were of the highest specific activity available. In a total volume of 0.2 ml a mixture was prepared containing approximately 0.6 /uCi of the U C test substance (e.g. lactate, nicotine), 4-6 /iCi of tritiated water and 50 jiCi of Indium-EDTA, typically in a 10 raM buffer. The buffers and their respective pKs used in this study were piperazine-N,N-bis(2 ethane sulfonic acid) (PIPES), pK = 6.8; 2 (N-morpholine) ethane sulfonic acid (MES), pK = 6.15; morpholinopropane sulfonic acid (MOPS), pK = 7.20; N-2-hydroxyethyl piperazine N-2-sulfonic acid (HEPES), pK = 7.55; N,N-bis(2 hydroxyethyl) glycine (BICINE), pK = 8.35; and cyclohexylaminopropane sulfonic acid (CAPS), pK = 10.4. In each case the solution's pH was adjusted to the pK of its buffer before injection except in the most acidic injection of nicotine where the pH was adjusted to 4.7, considerably below the pK (6.15) of the MES buffer used. These buffers, in crystalline form, were obtained from Calbiochem (San Diego, CA). To establish whether the 3 H-water clearance changes with changing injected pH, 2 groups of 3 animals each were studied using 3 H-water as the test substance and 14 C-butanol as the diffusible reference. In one group the injected pH was 6.1 and in the other 8.4.
Unless otherwise indicated, all values for results are in the form of a mean (=x), standard deviation ( = SD) and sample number (=n). The Student's /-test was used to test for statistical significance between differing experimental conditions. Counts per minute (cpm) recorded on the liquid scintillation counter were converted to disintegrations per minute by cubic regression analysis and compared with similarly quenched standard samples of known activity.
Results
As indicated in table 1, and figure 1, the brain uptakes of both D-and L-enantiomers of lactate increase with a decrease in pH of the injected bolus. These changes in L-lactate brain uptake index (BUI) were all statistically significant. The uptake of D-lactate was not altered as dramatically by pH changes as the L-enantiomer. Brain uptake of the neutral hexose D-glucose was not significantly altered by changes in injected hydrogen ion concentration (table 2).
The clearance of 8 H-water was not different when injected at pH 6.1 or 8.4 (BUI at pH 6.1 = 84 ± 4, at pH 8.4 BUI = 85 ± 5; butanol used as the reference substance).
Since both lactate and glucose are transported across the BBB by specific (monocarboxylic and hexose, respectively) carrier systems, 2 -"• 16 subsequent studies examined the effect of varying the injected hydrogen ion concentration on brain uptake of nicotine which penetrates the BBB by virtue of its lipid solubility. 6 As indicated in table 3 and figure 2, this slightly charged base, which is not transported by a carrier system, exhibits pH-dependent changes in BBB penetration. Nicotine (pKl = 6.16; pK2 = 10.96) uptake is reduced by lowering the pH of the injected solution. 18 propionate and octanoate, 19 several anions, 20 as well as threonine, 21 and pentazocine, 22 is subject to pH dependence. It has recently been suggested that within the clinical range of blood pH the blood-brain and blood-CSF distributions of morphine and its derivatives might be sensitive to alterations in pH. 23 The effects of pH on lactate uptake described here suggest that, within the range likely to be found regionally in pathological states, pH can be a substantial modulator of carrier-mediated BBB transport.
These data indicate that BBB transport of lactate increases as hydrogen ion concentration is increased. This is in contrast to nicotine in which increased ionization (resulting from reduction of pH) reduces BBB permeability. The uptake of D-glucose was not measurably altered by changes in pH (of the injectate).
One possible interpretation of these data is that carrier-mediated lactate transport is of the un-ionized species rather than of the ionized. Such a conclusion contrasts with current understanding of ion transport in mitochondrial membranes in which the charged species, rather than the un-ionized ones, are transported. 20 Threonine, a neutral amino acid, is similarly transported in a protozoan, trypanosome, in its charged form. 21 In rat erythrocytes and thymocytes kinetic constants for beta hydroxybutyrate influx and efflux were found to be altered with changes in pH. 18 Qualitative similarities in transport characteristics of the red cell membrane and the BBB have been noted previously. 9 It has also been demonstrated that in the BBB, neutral and basically charged amino acids are transported by separate carrier mechanisms, 10 suggesting that the BBB may possess the ability to discriminate on the basis of ionic charge. [The possibility exists that this charge discrimination may be secondary to discrimination based on steric factors.]
Other data obtained in the present study suggest that, in the case of the substances reported here, it is the un-ionized species which penetrates the BBB. A finding related to this postulation is that in rat leukocytes there is an increase in uptake velocity of pentazocine with increases in hydrogen ion concentration. 22 It was concluded that this analgesic drug was transported when it bore no net charge. A possible explanation of a mechanism of BBB uptake, based on the assumption that the un-ionized molecular species are the transported, or membranepenetrating form, appears in figure 3 . When pH = pKa, any one molecule spends, on average, 50% of its time in the un-ionized form, and 50% of its time in the ionized state.
Lactate pKa is 3.83. At pH 7.4 only about one molecule in 2800 is un-ionized at any one time. When the pH is lowered one unit, the concentration of this un-ionized species is increased by a factor of 10 whereas the fractional change of the ionized species does not change appreciably; remaining in excess of 99% above a pH of 5.83 (pK 3.83 + 2 units). Thus, any major effect of pH change on BBB permeability to lactate suggests it is the un-ionized species which is being transported.
When ionized, the lactic acid molecule is much more polar and thus more lipophobic than when un-ionized. When in the un-ionized state the residual polarity is due to hydrogen bonding ( fig. 3 ). In this more hydrophobic state the relative affinities of the lactic acid molecule for the BBB carrier molecule, BBB lipid moiety and the adjacent blood plasma water favors its escape from plasma water and entry into the capillary endothelial cell membrane (the BBB). The failure to see changes in BUI proportionate to the concentration of the un-ionized species when the pH is altered (see table 1) might be attributed to the possibility that pH changes in the present studies are limited to the region of the capillary lumenal membrane and probably not throughout the entire brain capillary endothelial cell. Alternatively, Voorheis 21 has indicated that pH-induced modifications of transport also involve changes in ionizable groups on the transport carrier. Such an explanation could not, however, be invoked in the case of membrane penetration of compounds such as nicotine which gain access to the brain by virtue of their lipid solubility.
H-C-OH T I M E

FIGURE 3. A lactate molecule is continually losing and gaining a proton. A single molecule alternates between these 2 states and the polarity of the molecule moves up and down through a considerable range. This graph diagrammatically follows a single lactate molecule through time as it alternates between its 2 states (shown here as it would appear at a pH of approximately 5). The fraction of the time it is protonated (and thus uncharged) is a function of the ambient proton (hydrogen ion
In the early post-ischemic brain there often is a hyperperfusion commonly attributed to regional tissue acidosis due largely to accumulation of lactate and carbon dioxide. The local pH in ischemic brain has been calculated to be as low as 6.0 -6.5. 24 ' 26 The present data suggest that the increased permeability to lactate at this pH, particularly when amplified by increased regional blood perfusion, could substantially increase the efflux of lactate from the ischemic region. From common observation that clinical nuclear brain scans in the early post-ischemic period are normal, it can be concluded that the BBB is not non-specifically permeable in most such lesions and that transcapillary flux must largely be dependent upon carrier systems.
From previous work with L and D lactate it is assumed that transport of the D form probably occurs almost entirely by virtue of its lipid solubility and that the difference between the L and D forms represents carrier-mediated transport of the former. 1 In the present study both L and D forms exhibit increased transport at lower pH. The effect on the D form is to be expected since an increased lipid/water partition coefficient is present at lower pH values.
If there were an immediate change in brain blood flow during the bolus passage through the brain microcirculation in response to the transiently abnormal pH, there could be an artifact introduced due to a change in the relative clearance by brain of the labeled lactate and the diffusible reference, 3 H-water. The 3 H-water is, under the conditions of barbiturate anesthesia used here, 85% cleared during one brain passage. This could be increased in regions of lowered flow and decreased in high-flow regions. The independence of glucose uptake to pH changes suggests that the D-glucose carrier is not measurably altered by the transient pH shift produced during these experiments. This does not necessarily disprove that some of the changes of L-lactate uptake with pH changes are due to pH-induced alterations in the short-chain monocarboxylic acid carrier.
The present study indicates that in the BBB, as in other membrane systems, changes in pH result in permeability changes. Our data do not positively indicate that either the charged, or the uncharged molecule is the form which penetrates the membrane; nor does it preclude the possibility that certain classes of molecules might be transported in the ionized state while other types of charged molecules penetrate membranes in the un-ionized state. The present study indicates that L-lactate is transported more effectively by the BBB at increased hydrogen ion concentrations. This could have clinical relevance by affecting the rate of washout of lactate from ischemic brain.
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